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Effects of reactive oxygen species on the physical properties
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for inflammatory reaction as a cause for mesh embrittlement
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Abstract

Background Oxidative degradation by reactive oxygen
species (ROS) from inflammation initiates cross-linking,
depolymerization, and formation of a quasi-crystalline
quality in polypropylene (PP) meshes that cause embrit-
tlement (J Urol 188:1052, 2012). Embrittlement leads to
change in tensile strength and is associated with post-op-
erative complications that include pain, adhesion, dis-
lodgment, and fragmentation.

Methods A laboratory environment was constructed to
study the relationship between concentration of ROS and
change in tensile strength. Samples of Ethicon Ultrapro©
PP mesh were exposed to 1 mM, 0.1 M, or 1 M hydrogen
peroxide solutions for 6 months and were subjected to load
displacement tensile testing (LDTT) and compared to
unexposed (0 M) meshes of the same brand.

Results Load at failure and elongation to failure after
LDTT were determined with 95 % confidence interval. For
unexposed (0 M) samples, tensile strength was 28.0 &= 2.4
Ibf and elongation to failure was 2.0 &= 0.3 in. For samples

Presented at the SAGES 2015 Annual Meeting, April 15-18, 2015,
Nashville, Tennessee.

< E. D. Auyang
eauyang @salud.unm.edu

School of Medicine, University of New Mexico,
Albuquerque, NM, USA

Department of Mechanical Engineering, University of New
Mexico, Albuquerque, NM, USA

Department of Chemistry, University of New Mexico,
Albuquerque, NM, USA

Department of Surgery, University of New Mexico School of
Medicine, Albuquerque, NM, USA

@ Springer

exposed to 1 mM, tensile strength was 19.2 £ 1.1 Ibf and
the elongation to failure was 2.0 &= 0.1 in. For samples
exposed to 0.1 M, tensile strength was 19.3 + 1.6 Ibf and
elongation to failure was 1.9 £ 0.1 in. For samples
exposed to 1 M, tensile strength was 20.7 £ 1.2 Ibf and
elongation to failure was 0.47 4 0.02 in.

Conclusion The results demonstrated that a 6-month
exposure to a physiologic range of ROS (1 mM) decreased
tensile strength of PP mesh by 31 %. 1 mM and 0.1 M
samples behaved similarly demonstrating properties of a
quasi-crystalline nature. 1 M samples displayed qualities of
extreme embrittlement. Scanning electron microscopy
(SEM) observed fiber changes. 1 M meshes had features of
brittle materials. Knowledge of changes in physical prop-
erties of PP meshes is useful for considerations for the
development of a more biocompatible surgical mesh.

Keywords Reactive oxygen species (ROS) -
Polypropylene (PP) surgical mesh - Load displacement
tensile testing (LDTT) - Scanning electron microscopy
(SEM)

In 1960, polypropylene surgical mesh was introduced by
Usher and colleagues for hernia repair. Since this time,
many new meshes have been developed in a wide variety
of surgical specialties, most repair tissue in the anterior
abdominal wall. Meshes are used and desired for their
ability to “artificially produce tissue of density and
toughness of fascia...” [1]. PP devices also can withstand
sterilization while retaining flexibility; can be easily
formed into different shapes, sizes, and thicknesses; and
are of a relatively low cost [4]. According to the Technical
Committee 150 on implants for surgery of the International
Organization for Standardization, PP is a permanently
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implanted biomaterial [4]. A biomaterial is expected to
show biocompatibility by being reasonably inert, non-
toxic, non-carcinogenic, resistant to degradation, and able
to sustain performance in the body. In spite of high
expectations of biocompatibility and the extreme impor-
tance of knowing the specific physical properties of any
biomaterial, suppliers of newer PP meshes are reluctant to
publicize findings of the non-inert qualities of implants [2].
Meanwhile, PP surgical meshes have gained much scrutiny
and numerous publications on their inability to show reli-
able biocompatibility and are even the subjects of several
class action lawsuits. The devices degrade, shrink, and
erode in the body leading to post-operative complications
[7]. Recently, these devices have even raised speculation
about their potential toxicity from additives and stabilizers
added to PP in the manufacturing process that may leach
from the material during its modification in the human
body [6]. On January 3, 2012, the FDA issued an order
requiring all manufacturers of surgical meshes used in
transvaginal correction of incontinence to study the risks
and effects of their devices by following patient outcomes
for at least 3 years. It is of great importance not only to
describe possible patient outcomes, but also to understand
and measure processes of PP mesh degradation.

Surgical meshes made from modified PP are used in a
variety of procedures. It is known that PP has a chemical
structure that is highly susceptible to oxidation. Radiation
and free radical species become trapped in the crystalline
structure of polymeric materials. Free radicals may attack
terminal carbons, leading to cross-linking and chain scis-
sion, depolymerization, oxidative degradation, and ulti-
mately the generation of more free radicals [7]. Neutrophils
produce reactive oxygen species (ROS) such as hydrogen
peroxide, hypochlorous acid, and enzymes like myeloper-
oxidase [9]. These are thought to be significant in inducing
the oxidative process that degrades transplanted mesh [10].
The oxidative process in humans is not chronologically
linear because the inflammatory state of the individual may
be complex. Evidence of the rate and severity of degra-
dation of surgical meshes in humans can therefore be
highly variable [3]. Factors observed to have effects
include age, smoking, diabetes, and body mass index [3].
The final result is a material with changes in and structural
integrity and physical properties such as significant
embrittlement that directly contributes to post-operative
complications [8]. Measurement of embrittlement in vivo is
extremely difficult. In order to investigate the relationship
between ROS and embrittlement, a basic laboratory envi-
ronment was constructed in which PP mesh samples were
exposed to various concentrations of ROS. Higher con-
centrations of ROS were expected to be more positively
correlated to measured effect, and significant changes were
anticipated to be measurable at low, physiologic

concentrations. Load displacement tensile testing (LDTT)
was used to determine strength at failure and elongation to
failure as means of comparison of mesh samples exposed
to various concentrations of ROS for 6 months. These
values from exposed samples were compared and plotted
against LDTT measurements from new, out-of-package,
unexposed samples. In addition, SEM analysis was used to
exam fracture surfaces for changes indicative of embrit-
tlement of ROS-exposed samples.

Materials and methods

Ethicon Ultrapro© meshes were used as a prototype for PP
meshes in this experiment, and the samples were cut by
hand from 6 x 6 inch® sheets of Ethicon Ultrapro©
donated by the manufacturer to the University of New
Mexico Hospital Department of General Surgery. This
model of mesh was chosen because of its ease of prepa-
ration, desirable pore size, symmetric pattern (Fig. 1A),
and other features conducive to the testing method and
apparatus being used; and simply for its availability. Pre-
sumably, Ethicon Ultrapro© has material properties and
changes in such properties after exposure to ROS in
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Fig. 1 A Diamond-shaped configuration of Ethicon Ultrapro mesh
used in this study, 1 cm = 0.3937 inch. B Dog bone-shaped spec-
imen geometry
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common with all PP meshes. How this mesh specifically
differs from other meshes by the same manufacturer or in
the same class of materials is unknown. The mesh speci-
mens were hand-cut into identical dog bone shapes mea-
suring: 5 inch in total length, 0.75 inch in width at the
thickest distal ends of the bog bone shape and continue at
this same thickness for 0.5 inch in length, and a medial
thickness of 0.25 inch in width for 3.5 inch in the central
portion of the dog bone shapes (Fig. 1B). The dog bone
shape was chosen to reduce slippage and limit breakage at
the clamp during tensile testing. Samples were placed in
sealed containers to prevent evaporation and filled with
0M, 1 mM, 0.1 M, or 1 M hydrogen peroxide solutions.
Samples were stored at room temperature in dark, sealed
boxes for 6 months. This experiment was conducted with
the goal of determining whether mesh would show degra-
dation due to free radicals despite lack of exposure to
forces, heat, and other physiologic factors. Hydrogen per-
oxide was used as a reactive oxygen species (ROS) because
its role in inflammation and a minimum concentration of
1 mM (100 uM) was chosen because of reports of con-
centrations in the vicinity of 500 pM of ROS in the serum
of human adults [5]. The 6-month exposure period was
chosen as the exposure duration to ensure adequate expo-
sure time to ROS. We wanted to generate an exposure
duration versus strength curve to examine the effects of
exposure time, but were limited by the number of pieces of

Fig. 2 Instron 4400R testing area and experimental setup
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mesh we had available for study and will do so in future
studies. LDTT was done using an Instron 4400R ten-
sile/compression machine. Specimens were placed in
0.75 x 0.5 inch® metal clamps (Fig. 2) with rubber pad-
ding, and the apparatus crosshairs were displaced at a rate
of 1 inch/min as data acquisition of load and displacement
was obtained 4 times per second until the specimen bro-
ke/failed. Displacement nearest the point of failure was
denoted as elongation to failure, and load nearest the point
of failure was denoted as the tensile strength of the
material. Samples that broke at the clamp were disre-
garded and not included in results. Typically samples
broke in central portion of dog bone structure. Breakage
at the clamps was presumed from over-tightening the
clamps, poor alignment, or malformations resulted from
preparation of the samples. Data regarding elongation to
failure and tensile strength were collected, analyzed, and
plotted with respect to samples of the same concentration.
SEM images were obtained of specimen fracture surfaces
after LDTT to look for features of the PP mesh, in par-
ticular, the fracture surface. This view shows the internal
structure of the fiber and its characteristics as it failed.
Stress cracking and fiber changes are common to brittle
materials. SEM was used to observe samples from envi-
ronments of the various concentrations or ROS; however,
we were only able to observe one sample per concentra-
tion. SEM analysis was carried out using a FEI Quanta 3D
Field Emission Gun SEM/Focused ion beam instrument.
Samples were first sputter coated with a 20-nm-thick layer
of gold/palladium using a K950X Turbo Evaporator
(Quorum Technologies®) to eliminate imaging artifacts
and increase resolution.

Results

LDTT yielded results for tensile strength and elongation to
failure that were determined with 95 % confidence interval
(CI). Displacement data were truncated so that the initial
length measurements were regarded when the samples
began to bear load. There was initial lag in the displace-
ment without load as the samples fibers became aligned
with the direction of pull in the apparatus. For samples
unexposed (0 M), tensile strength was 28.0 £ 2.4 Ibf and
elongation to failure was 2.0 £ 0.3 in. For samples
exposed to 1 mM, tensile strength was 19.2 £ 1.1 Ibf and
the elongation to failure was 2.0 & 0.1 inch. For samples
exposed to 0.1 M, tensile strength was 19.3 & 1.6 Ibf and
elongation to failure was 1.9 &£ 0.1 inch. For samples
exposed to 1 M, tensile strength was 20.7 & 1.2 Ibf and
elongation to failure was 0.47 + 0.02 inch. Strength at
various percentages of failure and deviation in load and
elongation were plotted for different concentrations
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Fig. 3 Plots of average values of displacement and load at percentage of mesh failure during LDTT. Values at failure (purple) indicate

elongation to failure and tensile strength (Color figure online)

(Fig. 3). A plot of average load displacement curves for
each concentration was made to compare concentrations to
one another (Fig. 4).

Images from the fracture surface of a 1 M mesh exposed
to ROS demonstrate a rough, sharper fiber end that is more
typical of brittle materials (Fig. 5). Stress cracking was
difficult to observe due to gold/palladium coating and
limitations in resolution. Images of the pulled ends of a
0 M mesh demonstrate a gentle, blunted fracture surface
that is typical of non-brittle materials (Fig. 6).

Fig. 4 A plot comparing the
displacement and load during
LDTT of average curves for

meshes of various 30
concentration. The plot 2
demonstrates relative similarity

between samples at 1 mM and 20
0.1 M after exposure to ROS for =

6 months. 1 M samples 2 15
demonstrate behavior associated -§
with very rigid materials with - 10
little stretch and less

displacement per unit load. 5
Final points on the curves

indicate average tensile strength 0
and elongation to failure 0 0.5

Discussion

This study was limited in the amount of material available to
test and resultant small sample size. Specimens were pre-
cisely hand-cut, and molds were not used to create dog bone
shapes to ensure that each sample was identical in number
and patterns of fiber and pores. Misalignment of cuts would
alter the number and recruitment of fibers in tensile testing. It
was found in this study that waste material was higher than
expected due to need for consistency of test samples.

Ultrapro Mesh Comparison From Various Concentrations After 6
Month Soak Period
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Fig. 5 A Fracture surface of a | M PP mesh sample pulled during LDTT after 6 months that demonstrates a rough, non-blunted surface typical
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Fig. 6 A Fracture surface of a 0 M sample that was not exposed to ROS and pulled during LDTT after 6 months that demonstrates a blunted
surface typical of non-brittle materials, B magnified rectangular region in (A)

This study was limited in its breadth, resolution, and
application. Ethicon Ultrapro© was studied exclusively
and chosen primarily for its ease of use and availability.
This experiment was possible in part thanks to charita-
ble donation of materials from Ethicon, but the authors of
this study do not have any specific ties, investments, or
special interests in this manufacturer. It is not known how
this mesh specifically differs from other meshes by the
same manufacturer or in the same class of materials. Pre-
sumably, Ethicon Ultrapro© undergoes a process of
degradation and embrittlement similar to all PP meshes in
the setting of a human immune response.

This study is not a perfect model for a process that
occurs in the human body, but may be interrupted as

@ Springer

experimental evidence that ROS plays a significant role in
the alteration of material properties that mesh undergo
in vitro. The inflammatory reaction that plays a role in
mesh degradation is nonlinear and varies depending upon
individual characteristics. At this time, there is no mech-
anistic way to anticipate the exact concentration of ROS
introduced by an acute or chronic inflammatory response.
Nonetheless, knowledge about changes in tensile strength
as result of various ROS concentrations and lengths of
exposure could be a useful for surgeons and technical
developers, but should be used as an approximation and not
an accurate predictor of patient outcome. Other processes,
in particular sterilization and chemical refining of meshes,
may cause alterations in the molecular structure that play a
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role in mesh failure [7]. Filament type, weave, pore size,
and other surface and fiber characteristics vary among
brands of mesh and may vary slightly from individual
meshes of the same brand. These differences increase the
total surface area exposed to body microenvironments. The
characteristics correlated most to optimal performance is
an area of interest, but ultimately are unknown at this time

[7].

Conclusion

The results demonstrated that over a relatively short time, a
6-month exposure, even a small concentration of ROS
(1 mM) could decrease tensile strength of a sample of PP
mesh by 31 %. Concentrations on this order have been
known to occur physiologically in humans [5]. Exposure to
ROS and affect on tensile strength are not well correlated
to concentration of the ROS. Results for samples exposed
in I mM and 0.1 M solutions behaved similarly and yiel-
ded similar tensile strength at failure, suggesting that the
concentration of ROS does not correlate in a linear fashion
to changes in physical property. Samples at these concen-
trations had similar elongation to failure as unexposed
samples, but diminished tensile strength, and are perhaps
demonstrating a quasi-crystalline quality described in
many polymeric materials as they undergo free radical
oxidation. This is contrast to the shortened elongation to
failure of the high concentration 1 M samples, which dis-
played particularly brittle qualities.

This study will be a starting point for future studies that
will examine various types of mesh (composition and

weaves) in addition to the effects of free radical exposure at
various timepoints, both shorter and longer in duration.
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